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ABSTRACT 
Aerosols are among the most interesting topics investigated by researchers because of their complicated
characteristics and poor quantification.Moreover, significant uncertainties are associatedwith changes in the
Earth’sradiationbudget.Previousstudieshaveshownnumerousdifficultiesandchallengesinquantifyingaerosol
influences. Inaddition, theheterogeneity fromaerosol loadingandproperties, includingspatial, temporal,size,
and composition features,presentsa challenge. In this study,we investigatedaerosol characteristicsover two
regionswithdifferentenvironmentalconditionsandaerosolsources.ThestudysitesarePenangandKuching in
Malaysia,whereaground–basedAErosolROboticNETwork(AERONET)sun–photometerwasdeployed.Thetypes
of aerosol, such as biomass burning, urban/industrial,marine, and dust aerosols, for both study sites were
identified by analyzing aerosol optical depth and angstrom exponent. Seasonalmonsoon variation results in
different aerosol optical properties, characteristics, and types of aerosols that are dominant in Penang and
Kuching. Seasonalmonsoon flow trend patterns from a seven–day back–trajectory frequency plotted by the
Hybrid Single–Particle Lagrangian IntegratedTrajectorymodel illustrated thedistinctoriginsof trans–boundary
aerosolsources.Finally,weimprovedourfindingsinMalaysiansitesusingtheAERONETdatafromSingaporeand
Indonesia.Similaritiesintheopticalpropertiesofaerosolsandthedistributiontypes(referredtoashomogeneous
aerosol) were observed in the Penang–Singapore and the Kuching–Pontianak sites. The dominant aerosol
distribution types were completely different for locations in the western (Penang–Singapore) and eastern
(Kuching–Pontianak) parts of the South China Sea. This is a result of spatial and temporal heterogeneity. The
spatialandtemporalheterogeneitiesforthewesternandeasternportionsofSouthChinaSeaprovideinformation
onthenaturaloranthropogenicprocessesthattakeplace.
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1.Introduction

Understanding atmospheric aerosols is crucial for climate
changedynamics.Owing to thepresenceof largeuncertaintyon
aerosolreportsbytheIntergovernmentalPanelforClimateChange
(IPCC) 2007 on radiative forcing of climate between 1750 and
2005, the influence of the anthropogenic and natural forcing
agentsofaerosolon climatedynamics remainsunclearand isan
activeareaofscientificresearch(IPCC,2007).Eventhemostrecent
reportbyIPCCworkinggroupIinthefifthassessmentreport(IPCC,
2013) also cited the same problems, that is, aerosol interaction
with radiation and the existence of clouds, which result in
significantuncertaintybecauseof thecomplexmixingofaerosols
andtheirvariationinlargevolumesoftheatmosphere.

Aerosols remain poorly characterized because of the spatial
and temporal variations of aerosols and of the existence of
different aerosol types, which have different properties. As a
result, the global impact of aerosols on the Earth’s climate is
difficult toquantifybecauseof the lackofextensiveand reliable
measurements inmost regionsof theworld (Hansenetal.,1997;
Tripathi et al., 2005; Kaskaoutis et al., 2007; Kaskaoutis and
Kambezidis,2008;Russelletal.,2010).Manyscientistsbelievethat
the origins of aerosol sources and their distribution in the
atmosphere should be determined to understand why different
locations have different aerosol types and are affected by
environmental development, monsoon and southern oscillation
variation, and seasonal change. The trans–boundary long–range
transport of aerosolsmay interactwith local aerosols, especially
with cloud droplets, thus further enhancing themodification of
theirmicrophysical properties, such that precipitation processes
and their radiativepropertiesare influenced (Ichokuetal.,2004;
Rosenfeld,2007;AndreaeandRosenfeld,2008;Linetal.,2013).

With the largeuncertainty in characterizing aerosols,a local
study for every region is essential for verifying satellite imagery
because theextractionofaerosolopticalproperties from remote
sensingdatahas limitedaccuracydespite itscapabilitytoprovide
global–scalecoverageofaerosolproperties(Kaufmanetal.,2002;
Levy et al., 2005; Tripathi et al., 2005;Gupta et al., 2013). Local
studies on aerosol optical properties can be conducted by using
reliableequipment, suchas sun–photometersor sky radiometers
(Holben et al., 1998; Remer et al., 2008; Salinas et al., 2009).
However, these methods are limited to space coverage, unlike
satellite imagery. Therefore, ground– and space–basedmeasureͲ
mentsarecomplementary inperformingreliableandcomprehenͲ
sivestudiesonatmosphericaerosols.

Characterizationofaerosolpropertiesisimportantbecauseof
therapidgrowthofbothpopulationandeconomicactivities,which
cause the anthropogenic aerosol emission rates to increase as a
result of the increases in fossil–fuel combustion and biomass
burning. These pollutants directly affect the climate and, at the
sametime,increasingthehaze,fog,andcloudyconditions(Mukai
et al., 2006), which decrease visibility, particularly under high
turbidity. According to Salinas et al. (2009), Asian sources are
known to differ from those in Europe or North America.More
absorbing soot and organic components are added to the Asia
Pacific atmosphere because of substantially greater coal and
biomass burning emissions and long–range transport by wind
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(Lelieveldetal.,2001;Huebertetal.,2003;Seinfeldetal.,2004).In
Singapore, industrial and fossil fuel combustion from energy
stationsandmobilevehiclesarethemajoranthropogenicaerosols,
aswellasthebiomassburningaerosolfromneighboringcountries
atacertainperiodoftheyear(Salinasetal.,2009).

According toanenvironmentalquality report forMalaysia in
2010,powerplants (mainpollutantsemittedarenitrogendioxide
and sulfur dioxide), motor vehicles (main pollutant emitted is
carbon monoxide), and industries (main pollutant emitted is
particulatematter)are themajorairpollutants inMalaysia (DOE,
2010). Themajor pollutants of concern inMalaysia are ground–
levelozoneandparticulatematterthat is lessthan10μm(PM10),
withPM10beingdominantmostofthetime.Moreover,PM10value
will increaseabruptlyduring trans–boundaryhazepollution from
Central Sumatra, Indonesia, especially during the southwest
monsoonperiod(JunetoSeptember).

Inthisstudy,weintendtodeterminethesourcesandoriginof
theaerosol typesdistributed in thePenangandKuching regions,
whichhavedifferentenvironmental conditions. Inadditional, the
aerosolsforbothregionsareinvestigatedwithrespecttoseasonal
change, and the major dominant aerosol type is determined
according to ground–based sun–photometermeasurement from
theAErosolROboticNETwork(AERONET)database.

2.Methodology

ThestudysitesarelocatedinPenang,PeninsularMalaysiaand
Kuching,EastMalaysia;aground–basedAERONETsunphotometer
wasavailableforeachsite[FigureS1,seetheSupportingMaterial
(SM)]. The northern and southern parts of Southeast Asia
respectively span from 8°N to 28 °N and 10 °S to 8 °N for
longitudes between 90 and 130 °E. Level 2 AERONET datawere
usedinthisstudybecausetheywerecloud–screenedandverified.
Sun–photometermadedirectsunmeasurementsevery15minat
340, 380, 440, 500, 675, 870, 940 and 1020 nm (includes the
1640nm channel in Cimel version 5). These solar extinction
measurementsareused tocomputeaerosolopticaldepth (AOD).
TypicallytheestimateduncertaintyincomputedAODfromanewly
calibrated field instrument under cloud–free conditions is
approximately ±0.010 to ±0.021, which is spectrally dependent
withhighererrorsintheUV(<440nm)(Holbenetal.,1998;Ecket
al.,1999).AngstromexponentcanberetrievedfromAODs.Rather
than calculating angstrom exponent on two wavelengths, as is
traditionally done, 4 ormorewereused to plot for theAOD vs.
wavelength in log space andmaking a linear fit of the data to
retrieve the angstrom exponent. Thus if one channel is
miscalibrated by 0.02 but the others are spot on, the angstrom
exponent is less affectedby theonebad channel.Normally very
low AOD valuesmay cause significant errors in AE. Tominimize
these errors, only AOD values larger than 0.05 at 500 nmwere
adopted. In our dataset, approximately 95% data recorded are
AOD values larger than 0.1 at 500 nm. The remaining are AOD
valuesinbetween0.05and0.10.

Inthisstudy,wedividedourdatasetintofourgroupsbasedon
the seasonal monsoon (Awang et al., 2000; Babu et al., 2007;
Moorthyetal.,2007;KumarandDevara,2012;Xianetal.,2013)as
follows: (i)December toMarch (northeastmonsoon), (ii)April to
May(pre–monsoon),(iii)JunetoSeptember(southwestmonsoon),
and (iv) October to November (post–monsoon).Meanwhile, the
“overall”datawere also analyzed for the entire studyperiod. In
thisstudy,dataobtained forPenang (Kuching)site is fortheyear
2012 (2011). The post–monsoon (pre–monsoon) period is not
discussed forPenang (Kuching)becausenodataareavailable for
thatperiod.Theaerosolopticalpropertiesofaerosolsforthestudy
sites on eachmonsoon seasonwere identified by analyzing the
AOD_500 and angstrom440–870 based on their frequency
distributionpatterns.ThefrequencydistributionpatternsofPW(in
cm) shows the amount of water content in the atmospheric
column.Additionally,theaerosoldistributionpatternsoverPenang
ineachmonsoonalperiodwerequantitativelyidentifiedaccording
to the scatteringplotsof theangstromexponentagainstaerosol
optical depth (AOD). Therefore, the variations in aerosol
characteristics couldbe inter–annually investigated to determine
the aerosol types for different periods or those that were
sustained throughout theyear.However, thesites inPenangand
Kuching lackacompletedatasetofLevel2AERONETdata;hence,
only four groups were considered for these sites. We could
generallyandsubjectivelycomparethedata.Theseven–dayback–
trajectory frequency seasonal plot by the Hybrid Single–Particle
Lagrangian Integrated Trajectory (HYSPLIT_4)model (Draxler and
Hess,1998)wasusedtodescribetheaerosolsourcesbecauseofits
suitability to simulate air–massmovement. The results obtained
forPenangwerecomparedagainstthatofSingapore,whilethatof
KuchingagainstPontianak.SingaporeandPontianakwerechosen
dueto(i)theyhaveacompleteannualLevel2AERONETdata,(ii)
their proximity to the sites of comparison, (iii) similar environͲ
mentalfactorsbetweenthesitesbeingcompared.

3.ResultsandDiscussion

3.1.ClimatologyofPenangandKuching

TheclimatologydataforPenangandKuchingisobtainedfrom
thewebsite,e.g.(GSFC,2014)foryear2012and2011respectively.
As shown in Figure S2 (see the SM) the AOD value at shorter
wavelengthsbetween500nmand340nm(visibleintheultraviolet
wavelength portion) is obviously higher than that at longer
wavelengthsfrom670nmto1020nm(visibleinthenear–infrared
wavelengthportion).This condition canbeattributed to the fact
that finemodeparticlesdominate theatmospherebecausesmall
particles are more efficiently scattered at shorter wavelengths
thanat longerwavelengths(Kaskaoutisetal.,2007). InFigureS2a
(see the SM), the AOD value in Penang increases significantly
during the southwestmonsoonperiod, twopeakswere found in
June and August. Another peak is found in March during the
northeastmonsoon.During the inter–annualsouthwestmonsoon
period, smoke (biomass burning aerosol) is transported from
Sumatra,Indonesia,tothestudysites.Therefore,thefinebiomass
burningaerosolshaveagreatereffectontheAODintheultraviolet
thaninthenear–infraredwavelengths(Schusteretal.,2006).This
phenomenon isobviouslyobservedatAOD_340,which increases
by a factor of a2.7 from April to June in comparison with an
increasebya1.9forAOD_1020.Meanwhile,Penangseldomhasa
verygoodairqualitybecausetheAOD_440valueisalmostalways
higherthan0.1 inthestudysiterecords.Undercleanbackground
conditions, AOD value should be less than 0.05 at AOD_440nm
(Toledanoetal.,2007)orpureatmosphericconditionsshouldbe
between 0.04 and 0.06 (Smirnov et al., 1995). Kuching is also
affectedbytheopenburningactivitiesfromKalimantan,Indonesia,
during the inter–annual southwest monsoon period (refer to
FigureS2bintheSM).TheAODvalueachievedthepeakinAugust.
Meanwhile, this site is also dominated by fine mode aerosol
(smoke) because the AOD value at wavelengths shorter than
500nm are significantlyhigher than that at longer than 500nm,
andAOD_340increasesbyafactorofa3.8fromApriltoAugustin
comparisonwitha3.5forAOD_1020.

3.2.TemporalevolutionforAOD,angstromexponent,andPW

Penang. Figure1a shows the spectral variationofAOD valuesat
certain times inPenang.High,medium, and low fluctuations are
observed during the southwest, northeast, and pre–monsoon
periods. The high fluctuation of AOD during the southwest
monsoon period (between June and September) is attributed to
the intermittent open burning activities committed locally and
from neighboring country, i.e., Indonesia. The Malaysia
MeteorologicalDepartment (MMD) reported that rainfallamount
in this period is the lowest of the year (MOSTI, 2012).
Independently, recorded PW (the water content in the
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atmosphericcolumn),asdepicted inFigure1c,shows that in this
period the PW occurs more frequently at values of less than
5.0cm.

Meanwhile, the angstrom440–870 in Figure 1b shows that the
majorityofthedatawasrecordedbetween1.3and1.7,indicating
that the fine mode particles are dominant within this period.
Duringthenortheastmonsoon,theaverageAODrecordedislower
than that during the southwest monsoon but higher than that
during the pre–monsoon periods. This is because during this
monsoon transition period, the winds are light and variable.
Therefore,thunderstormsthatdevelop intheafternoonwashout
the aerosols in the atmosphere, thus explaining why the pre–
monsoonperiod shows that themajorityof recordsofAOD_500
arelowerthan0.3andthatPWwasapproximately5.0cmforthis
timeoftheyear,asproposedbyEcketal.(2010).

Kuching. During the southwest monsoon period, two peaks of
AOD_500 were found at some days of August and September
(Figure2a). The second peak in September has a longer period
than the first one but ismuch lower on the AOD_500 value. In
addition,bothofthesepeaksduringthesouthwestmonsoonwere
recordedwhenthePWisrecordedasalowervaluethananyother
time(compareFigures2aand2c).Theleftovertimeforbothpost–
monsoon and northeastmonsoon also shows small variation of
AOD_500. However, angstrom440–870was highly varied in all the
seasonalmonsoons(Figure2b),withaseasonalstandarddeviation
of a0.21–0.27, showing no obvious sign of correlation when
comparedwith the correspondingAODandPWdata.During the
twopeaksofAOD_500(Figure2a),theangstromvaluewasmainly
higherthan1.2,implyingthatfinemodeaerosolscanbeattributed
tothetransportedsmokefromtheopenburningactivitiesbecause
hotspot counts correspond tohighAODvalue (Jalaletal.,2012).
Moreover, the lowest AOD_500 was observed during the post–
monsoonperiod.During this post–monsoon period, the PWwas
highbutAOD_500was low,thusexplainingwhytherainingevent
hadwashedouttheaerosolinthesky.

Figure1.Aerosolopticaldepthatwavelength500nm(AOD_500),angstromexponentinbetween440nmand870nm(angstrom440–870),
andPWversusJuliandaysareplottedin(a),(b) and(c) respectivelyatPenang.
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
Figure2.SimilartoFigure1,butfortheKuchingAERONETstation.

3.3. Seasonal variation of AOD, angstrom exponent, and PW
basedfrequencydistributionpatterns

To determine aerosol properties further, the relative
frequency distributions of the aerosols in the atmospheres of
Penang andKuching areplotted in Figures 3 and4, respectively.
Relativefrequencyiscalculatedonthebasisoftheaccumulationof
AOD_500, angstrom440–870, and PW during seasonal monsoon
change. These frequency histograms can reveal how optical
properties changewith the seasons and help to identify aerosol
types(Smirnovetal.,2002a;Paceetal.,2006;Salinasetal.,2009;
Smirnovetal.,2011).

Penang. InFigures3a to3f, theoverallaerosolproperties results
forPenangshowthemainlydistributedAODvalue isbetween0.2
and0.6(>77%offrequencyoccurrence),andtheangstromvalueis
between 1.3 and 1.9 (>85% of frequency occurrence) with PW
value between 4.5 and 5.5 cm (>96% of frequency occurrence).
AccordingtoOkulovetal.(2002),thecriteriaforatmospheretobe
in humid ormoist condition iswhen PW>4.0 cm.Otherwise the
atmosphere is in dry condition. The climate in Penang is always
humid.ThisisconsistentwiththeobservationinFigures3cand3f,
inwhichoutoftheallPWmeasuredinayear,96%hasavalueof
morethan4.0cm).TheresultsofoccurrencefrequencyofPWless
than4.0cmin2012wasrecordedtwiceashigherinthenortheast
monsoon(a12%)thansouthwestmonsoon(a6%)(Figure3c).

Thehighvalueofangstrom440–870showsthatthisstudysite is
minimallyaffectedbycoarseparticles,suchasdust(Figures3band
3e). The peak of AOD is approximately 0.3 (0.4), but the value
varies between 0.1 and 0.9 (0.2 and 0.8) for pre– (northeast)
monsoon (refer to Figures 3a and 3d). However, during the
southwestmonsoon, thepeak ofAOD is 0.3with awider range
from0.1to1.8(Figure3a).ThemultiplepeaksinFigure3dindicate
the presence of various aerosol populations because AOD
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
histograms are normally expected to follow a log–normal
distributionpattern(Salinasetal.,2009).

Aparallelsetofgraphsoftheangstromexponentdisplaysan
unobviousseasonaltrendbecausemorethan99%outofthetotal
occurrence of angstrom440–870 is within 1 to 2, which clearly
explains why the study site is less affected by coarse aerosols
(Figure3b). This condition can be attributed to the fact that the
environmentof thestudysitedoesnothaveadesertareaand is
far fromdesert areas,whichhinder the transportofdust to the
study site. However, a slightly different angstrommoving trend
wasobservedduring thenortheastmonsoonperiodbecause two
noticeablepeakswere foundanddistinguished from those in the
other period (refer to the blue curve in Figure 3e).We strongly
believe that the aerosol origins from the northern region of
SoutheastAsia,especially from Indochina,andaretransportedby
the monsoon wind. Aerosol in the northern region has been
extensively studied under program of Seven South–East Asia
Studies (7–SEAS) (Lin et al., 2013). Northern SEA suffers active
biomassburning activitiesduring thenortheastmonsoonperiod,
usually reaching peak intensity in March. From the conceptual
model,theyfoundthatbiomassburningaerosolsoriginatingfrom
Indochina are uplifted and transported in high– and low–level
pathways bywesterly and northeastmonsoon flows,which lead
theaerosolstowardthesouthwestdirection.Wethusexpectthat
theseaerosolswillcontinuetomovetowardourstudysiteaswind
circulationtendstoblowtowardthesouthwestdirection[referto
the monthly mean streamline charts 1979–2010 of Lin et al.
(2013)]. These transported aerosolswere finallymixedwith the
localaerosols.


Figure3.SeasonalrelativefrequencyofoccurrenceofAOD_500,angstrom440–870,andPWatPenang.(a–c)showingthehistogramand(d–
f)presentedthesecondmovingaverageforeachmonsoonseasoninlineplot.
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
During the southwestmonsoon, the angstrom value in the
Penangtendstodistributebetween1.3and1.6,whichrepresents
biomassburningaerosols(Holbenetal.,2001;Gerasopoulosetal.,
2003;Toledanoetal.,2007),theoriginofwhichare localsources
andtheneighboringcountry,Indonesia.

Kuching. The maximum peaks of AOD for overall period are
primarilyatvalue0.2(approximately47%outoftotaloccurrence),
which indicates that the Kuching site is less polluted than the
Penangsite,exceptduringthesouthwestmonsoonperiodbecause
oftheopenburningactivities,duetowhichmaximumAODvalue
can reach approximately 1.6 (Figure 4a).Moreover, the cleanest
skywas also found during the post–monsoon season,when the
majorityofrecordsaredistributedbetween0.1and0.2.Thisresult
is the same as that obtained from the Penang site because the
aerosols were washed out during this season (as discussed in
Figure1).TheAOD_500 frequencyhistogramatKuching sitewas
similar to that in the Penang site because during the southwest
monsoon period, two peaks are found at approximately 0.3 and
between0.6and0.7(Figures3aand4a).Duringthepost–monsoon
period,AODatKuchingtendstoclutteratsmallervalues.ThePW
distributionshowedthattheatmosphereatKuchingwasthedriest
during the southwest monsoon and the wettest during the
northeastmonsoonperiod(Figures4cand4f).


Figure4.SimilartoFigure3,butfortheKuchingAERONETstation.

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
Comparisonbetween Penang and Kuching results. Both sites of
thePenangandKuching,weobservethattherelativefrequencyof
AODduringthesouthwestandnortheastmonsoonalwaysshiftsto
a higher AOD than that during the inter–monsoon season.
Although the dataset obtainedwas for a different year for both
study areas, the relative frequency distribution of angstrom at
Penang and Kuching shows similar distribution patterns for
monsoonsand inter–monsoonperiods (in Figures3b,3eand4b,
4e).Forexample,(i)duringtheinter–monsoonperiod,therelative
frequency of angstrom exponent value was widely distributed
comparedwiththatduringotherperiodsforbothstudysites(the
broadorwiderangeofangstromexponentvalueduringtheinter–
monsoon indicated that the aerosols are characterized under
complexconditions(Smirnovetal.,2002a)),(ii)angstromexponent
in both Penang and Kuching during the southwest monsoon is
distributed from1.0 to1.6, (peakof relative frequencyoccursat
1.6angstrom),and thevalueofpeak relative frequency ishigher
thanthecorrespondingpeakfrequenciesfromtheotherseasonal
monsoons, (iii) two noticeable peaks and similar distribution
patternisfoundduringthenortheastmonsoonperiodbuttheonly
difference isthattheangstrompeakvaluesatKuching(0.9to1.2)
are significantly lower than that in Penang (1.3 to 1.6). This
information significantly indicated that aerosol properties varied
withtheseason.

3.4. Seasonal discrimination of aerosol types based on
relationshipbetweenAODandangstromexponent

Based on the literature review, we observed that aerosol
classificationbyusingAOD(ʏ)andangstromexponent(ɲ)hasbeen
widelystudied.Theɲ–ʏscatterplotisaveryhelpfultooltoclassify
aerosol type.AODgives informationabout theaerosol loading in
theatmosphericcolumnbyextinctionof radiation rateofcertain
wavelength,whereastheangstromexponentprovidesaerosolsize
determination in coarse and fine modes from the slope of
wavelengthdependingontheAODinthelogarithmiccoordinates.
Additionally,both ʏandɲshouldbeused tocharacterizeaerosol
propertiesbecausebothof themdependstronglyonwavelength
(Holbenetal.,2001).Therefore,theɲ–ʏscatterplotmay indicate
the amount and dimension of the observed aerosol and aerosol
distributionpatternhasbeengroupedintoafewclustersfromthe
interpretation to determine aerosol species. Normally, aerosol
classeswillbedivided into(i)desertdust(DA),(ii)maritime(MA),
(iii)continental/urban/industrial(UIA),(iv)biomassburning(BMA),
and(v)mixedaerosols(difficulttoclearlyverifyamongeachother,
simplyreferredasMIXA)(Ichokuetal.,2004).Aerosolclassification
byusing ɲ–ʏ scatterplotswas extensively analyzed, as shown in
TextS1(seetheSM).

Based on threshold suggestion by Pace et al. (2006),
Kaskaoutisetal. (2007)andSmirnovetal. (2002b,2003) (seethe
SM,TextS2),theresultsshown inFigureS3(seetheSM) indicate
that several suggested threshold values were inappropriate for
Malaysia. The suggested threshold cannot discriminate aerosol
types inbothPenang andKuching sitesbecause (i)Penang is an
island surroundedby seawater, and (ii) Kuching site is near the
coastalarea,suchthatMAshouldbehigh,not0%as intheresult
in Figures S3a to S3c, with Figure S3d also reflecting a small
amount. Although dust aerosol is recorded as 0% and BMA
between11–45%isreasonablebutthereweredominantbyMIXA,
which means that we are unable to distinguish this type.
Therefore,theresultismeaninglessifwehavelargeuncertaintyin
identifyingmajor or dominant distribution aerosols in the study
sites. Thus,otheroptions suggestedbyother researchers should
be considered such as by Toledano et al. (2007), Salinas et al.
(2009)andJalaletal.(2012)(seetheSM,TextS3).

Toachievebetteridentificationofaerosoldistributiontypesin
our study sites, a comparison is necessary to choose a better
thresholdrangetodiscriminateaerosoltypesbasedonɲ–ʏscatter
plots (refer to Figures S6 and S7 for Penang and Kuching,
respectively, see the SM). Interestingly,we found that threshold
range suggestedby theToledanoetal. (2007)provided the least
MIXAfromFigures5aand5ecomparedtothatprovidedbyothers.
Duringthesouthwestmonsoonperiod,Toledanoetal.(2007)also
provided thehighestaccumulative relative frequency forBMA in
theredbar(Figures5band5f),whichindicatesthathazeoccursin
thisperiod,correspondtotheresultswediscussedinFigures1and
3forPenangandFigures2and4forKuchingsite.InFigures3b,3e
and4b,4e the relative frequencyhistogram shows theangstrom
distribution patterns during the northeastmonsoon periods for
both sites with two noticeable peaks, but Kuching has a lower
angstrom value at approximately 0.9 to 1.2 than Penang at
approximately 1.3 to 1.6. These results can be explained by
Figures5cand5gforPenangandKuching,respectively.InPenang,
thebluecurve indicates that theaerosolsaredominatedby finer
particles (Figure3e),whereasFigure5calsoshowsdominanceby
well–known fine mode particles of UIA (23%) and BMA (29%).
However,a largeamountofaerosolcannotbedeterminedand is
thus referred to asMIXA (39%).On theother hand, the coarser
particles at Kuching site (blue curve in Figure 4e) are also well
definedinFigure5gastheyaredominatedbycoarseparticlessuch
asMA (77%) and DA (3%)with fine particles ofUIA (19%). The
aforementioned results indicate that the different values of the
angstrom at the observed peaks in Penang (finer particles) and
Kuching (coarserparticles)arepossiblyduetodifferentdominant
aerosols types.Nevertheless,we cannotdefinitelydetermine the
moreappropriate threshold ranges forour study sitesduring the
inter–monsoonperiods(Figures5dand5h)becauseallrangescan
bepossiblytrueowingtothewiderdistributionrangeinFigures3e
and4e (red curve).Overall,we can conclude that the thresholds
providedbyToledanoetal.(2007)arethetypicalthresholdranges
forbothofourstudysitestoexaminedaerosoltypes.

FromthethresholdcriteriaofAODandangstromscatterplot
providedbyToledanoetal. (2007) foraerosol typeclassification,
we understand that the dominant aerosol types during the
southwestmonsoon periods is BMA at approximately 50%, and
followed by UIA at approximately 30% in Penang (Figure5b)
because of very active open burning activities in Sumatra,
Indonesia. However, MIXA reached as high as 40% in Penang
duringthenortheastmonsoonperiod,followedbyBMAandUIAat
approximately23%and28%,respectively(Figure5c)owingtothe
trans–boundaryaerosolsfromIndochinaandTaiwanbasedonour
analysis of the study by Lin et al. (2013). However, during the
inter–monsoon period,UIAwas themajor aerosol distributed in
Penang region, reachingabout49%outof the total, followedby
MAat22%,BMAat15%,dustat8%,andthosethatarenotwell
definedat6%.Obviously,theaerosoldistributedinPenangregion
washighlydependentonseasonalchange.However,UIAisalways
the most highly emitted pollutant for every season and thus
directlyaffectstheairqualityinMalaysia.Moreover,BMAisoneof
themajor pollutants in Penang (mainly local burning activities),
which significantly faces serious haze problem during the
southwest monsoon season (trans–boundary aerosols from
Indonesia).These resultsare in linewith the records fromof the
DepartmentofEnvironment(DOE,2010).

MA (a44%) was the dominant aerosol in Kuching, and the
secondhighestaerosoltypewasUIA (a27%), followedbyBMAat
approximately 15% (refer to Figure 5e).MIXAwas not found in
large amounts in this region, and dust particles are the least
contributor to the air pollution in Kuching because there is no
desert areanear the study site.Dustparticles canbedefined as
thosecausedbythedustatthegroundsurfaceinducedbyvehicle
transportationandconstruction.

During the southwest monsoon, open burning activity is
usuallyveryactive insouthernSEA.HenceBMA isexpectedtobe
themajoraerosolcontributor inKuching inthisseason.However,
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referringtoFigure5f,BMA(a25%)wasnottheonlymajoraerosol
type in Kuching. Instead, the contribution to aerosol is also
dominatedbyUIA (a31%)andMA (a28%).This result ispossibly
duetomissingdataforJuneandJuly,duringwhichalargeamount
oftrans–boundaryaerosolcamefromKalimantan,Indonesia.


Figure5.Seasonalclassificationofaerosoltypes(a)to(d)basedonangstrom–AODscatterplotsbythethresholdsprovidedby
Toledanoetal.(2007),Salinasetal.(2009)andJalaletal.(2012)with(a–d) atPenangand(e–h)inKuching.

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
During thenortheastmonsoonperiod, thedominantaerosol
in Kuching was MA (a45%), followed by DA and UIA with
approximately 25% and 24%, respectively (Figure 5g). Based on
these dominant aerosols, we can clearly explain the features
obtained from theblue curve in Figure 4ebecause their coarser
MAandDAparticlesmixedwiththe finerUIAparticles,suchthat
thedistributionpatternof twopeaks is shown.Wealso strongly
believe that the sources came from Indochina through the
monsoonwind [asmentionedby Lin et al. (2013)], and the zero
BMA recorded in this period is surprising. No BMA was found
during thisperiodbecauseonly theDecember2011datasetwas
considered,butaccording to Linetal. (2013), theactivebiomass
burningperiodshouldbebetweenFebruaryandAprilannually.MA
wasthemajoraerosoltypeduringthepost–monsoonperiod.From
ourresults,ashighas77%ofaerosolisdefinedasMAinKuching,
followedbyUIAatapproximately19%and3% fordustparticles,
withotheraerosoltypesaccountingforlessthan1%(Figure5h).

The results show thatUIA is one of themajor pollutants in
bothPenangandKuching sites throughout themonsoonperiods.
However, BMA (MA) is also often dominant in Penang (Kuching)
throughouttheyear.AlthoughMAisnotthemajoraerosoltypein
Penang, it is consistentlydistributedoverPenang regionbecause
the site is surrounded by sea water. Additionally, seasonal
variation has caused different dominant aerosol types to be
distributedinthesites.DAalmostalwaysistheleastaerosolfound
inourstudy.OpenburningaroundKuchingsitewas inactivefrom
October to December 2011 because no BMAwas found in our
records (refer to Figures 5g and 5h), even from the thresholds
providedbyToledanoetal.(2007),Salinasetal.(2009)andJalalet
al.(2012).Weunderstandthatbothsiteshavedifferentdominant
aerosolsourcesatdifferentseasons.

3.5. Seasonal air parcel flow patterns fromHYSPLIT_4model is
usedtoidentifyaerosolsorigin

From the 7 day back–trajectory frequency seasonal plot by
HYSPLIT_4model, the air parcel flow patterns are illustrated for
each monsoon season in the value of percentage averaged in
betweengroundsurfaceto5000maltitude(Figure6).Figures6a
to6cforPenangsiteduring2012andFigures6dto6fforKuching
siteduring2011showsimilarairflowtrendpatterns.Forexample,
Figures6aand6dshowthattheairflowtrendisinfluencedbythe
southwest wind (called the southwest monsoon wind, occuring
fromJunetoSeptember).Therefore,theaerosolsourceforPenang
site comes from Andaman Sea in the Indian Ocean, Sumatra of
Indonesia,MalaccaStrait,and localareas,whereasKuchingsite is
affected by the aerosols generated from Java and Bali Sea,
KalimantanorBorneo,Indonesia,andlocalareas.

Duringthenortheastmonsoonperiod,theairparcelobviously
flows southwestward from north of Southeast Asia, which
significantly shows that the two different monsoon seasons
provide totally diffferent aerosol sources to our study sites at
Penang and Kuching in Figures 6b and 6e, respectively.Aerosols
may form at the northern part of Southeast Asia, including
Indochina, and is transported through South China Sea to reach
Penang.Meanwhile,aerosolisalsoproducedfromthelocalregion.
ThesourceoriginofaerosolsatKuchingwasfromlocalregionsand
transportedfromthenorthernregionofSoutheastAsia,especailly
the Philippines, Taiwan, and east of China through South China
Sea.

Figure 6c shows that the aerosol observed at Penangmight
come fromtheMalaccaStrait,AndamanSea inthe IndianOcean,
northernandsomeeasternareasofSumatra,westernpeninsular
Malaysia,especiallythe local regionmarked inyellow.Duringthe
pre–monsoon period, the air flow patterns are similar to the
southwestmonsoonperiod,as shown inFigure6a.However, the
aerosolfoundatKuchingsiteduringpost–monsoonperiodsisnear
theregionsofthesouthernpartofSouthChinaSeaandlitterfrom
Java Sea, west of Kalimantan, and from local areas (refer to
Figure6f).

According to Figure 6, the significantly different seasonal
patterns in relative frequencyofoccurrenceofangstrom440–870 in
PenangandKuching(inFigures3b,3eand4b,4e)forthenortheast
monsoon season are attributed to the mixing of the different
sources from the northern part of Southeast Asia, including
Indochina, Philippines, Taiwan, and Eastern China along with
southern Southeast Asia (Malaysia and Indonesia) aerosols.
Therefore, bimodal patterns are only obtained during the
northeast monsoon period. However, aerosols originating at
southern Southeast Asia during other monsoonal seasons are
shown as a single peak pattern in Figures 3e and 4e. From this
finding, the aerosols originating from northern Southeast Asia
containsdifferentsizeswhenemittedinthesoutherndomain.

In addition, the aerosol emissions from the active open
burning and/or forest fires in southern Southeast Asia is
transported toourstudysitesby thesouthwestmonsoonseason
(refertoFigures6aand6d),whichsupportstheresultsobtainedin
Figures 5b and 5f. The findings indicate that BMA is dominant
during this period.However, during thenortheastmonsoon, the
localaerosolsourcesaremixedwithmulti–sourcesfromIndochina
(refer to Figure 6b). Thus,MIXA is primarily observed in Penang
(refertoFigure5c),whereasMAisamajoraerosoltypeinKuching
because the long–range transportof theaerosolspasses through
theSouthChinaSea,suchthatalargeamountofMAisbroughtto
the site (refer to Figures 6e and 5g). Therefore,we can observe
thattheaerosoltypesarenot identicalforthestudysites.During
the inter–monsoonseason,thedominantaerosoltypes inPenang
andKuchingareUIAandMA (refertoFigures5dand5h).During
the inter–monsoon period, calm wind conditions resulted local
sources,suchas industrialemissions,tobetrapped intheregion,
especially inPenang,which is the second largest city inMalaysia
andoneofthemost industriallyconcentratedcities(largeryellow
portion in Figures 6c and 6f than other monsoon period).
Therefore, UIA is the major contributor to Penang during this
season.However,MA isoften themajoraerosol type inKuching
becauseof itsstrategiclocation,butotheraerosoltypesmayvary
accordingtoseasonalchanges.

3.6.EnhancedresultsinMalaysiaviaAERONETdatafromsitesin
SingaporeandPontianak,IndonesiaBorneo

Comprehensive optical properties of aerosols and classificaͲ
tionshavebeen analyzed forPenang andKuching.However, the
limited Level 2 AERONET datawere insufficient to conclude the
accuracyofthesefindings.Asameanstochecktheconsistencyof
thesefindings,weshallcomparethemagainstotherlocationsthat
possess a more complete data, similar climate (tropic) and
environment. These sites possess similar environments and a
complete annual dataset for comparative purposes. The tropic
climate normally has uniform temperature and pressure, high
humidityandabundantrainfall.Theyshouldshowsimilarseasonal
monsoonchanges.Wethereforeanalyzedthedataacquiredfrom
sites in Singapore (November 2006 to October 2013) and
Pontianak, Indonesia (July 2012 to July 2013). In addition,
Singapore and Pontianak have environmental features similar to
those in Penang and Kuching, respectively. These sites possess
similar environments and a complete annual dataset for
comparativepurposes.

Comparison of seasonal variation of AOD, angstrom exponent,
and PW between Penang, Singapore, Kuching, and Pontianak.
Figures3aandFiguresS4a(seetheSM)showthatthemajorityof
AODwasbetween0.2and0.4;themaximumwasobservedat0.3.
However,Singaporehadawiderangeoftherelativefrequencyof
AOD in during the post–monsoon, which was followed by the
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frequency rangeduring thesouthwestmonsoon.Cleardayswere
frequent in Kuching and Pontianak becausemajorityof theAOD
values ranged from0.1 to0.2 (Figure4aandFigureS5a, see the
SM).TheAODranges inKuchingandPontianakwerewideduring
thesouthwestmonsoon.

The results for Singapore and Pontianak revealed similar
occurrences of the relative frequency of angstrom440–870 for
northeast monsoon period with those in Penang and Kuching,
respectively[FiguresS4eandS5e(seetheSM)andFigures3eand
4e]. Four of these study sites have wider ranges and high
occurrenceson smallangstrom440–870; coarseparticlesdominated
during the northeast monsoon period. Penang, Singapore, and
Kuchingshowedsimilarvariationpatterns, inwhichthemaximum
occurrence peak was located between 1.5 and 1.7. The most
frequentoccurrencepeakofangstrom440–870wasfoundinPenang,
Singapore, and Kuching during the southwest monsoon. By
contrast, theoccurrencepeak forpre–monsoon inPontianakwas
shiftedto1.9.


Figure6.Seven–dayback–trajectoryfrequencyseasonalplotbyHYSPLIT_4modelduringthesouthwestmonsoon,northeastmonsoonand
inter–monsoonatPenangin2012(a–c) and(d–f) atKuchingin2011.

(a)
(f)(c)
(e)(b)
(d)
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Low PW occurred in Penang and Singapore during the
northeastmonsoon(seeFigures3cand3fandFiguresS4candS4f
in theSM).However, lowPW inKuchingandPontianakoccurred
during the southwest monsoon (see Figures 4c and 4f and
FiguresS5c and S5f in the SM). The water content in the
atmosphere does not always exhibit a low value during the
southwestmonsooninSoutheastAsia.PWwithhighervaluestend
to occurmore often in pre– and post–monsoon. Therefore, the
water content in the atmospheric column is probablynot exhibͲ
iting any direct relationship to the accumulation of precipitation
amount. Therefore, thewettestanddriestperiods inMalaysia is
indicatedbytheaccumulationofprecipitationamountbutnotthe
water content in the atmosphere. This finding is important for
meteorologicalandaerosol–relatedstudies.

Comparisonofseasonaldiscriminationofaerosoltypesbetween
Penang,Singapore,Kuching,andPontianak.Theresultsobtained
in Section 3.4 revealed that the aerosol types in Penang and
Kuchingwereefficiently identifiedusing theɲ–ʏscatterplotsand
threshold criteriaby Toledano et al. (2007).Therefore, the same
method for aerosol discriminationwas applied to Singapore and
Pontianakdataset.The scatterplots forSingaporeandPontianak
are shown in Figure S8 (see the SM). Figure 7 shows the
classifications foreach seasonalmonsoon foraerosol typeswere
plotted for (a) Singapore, (b) Pontianak, (c) Penang, and (d)
KuchingbasedonthresholdofToledanoetal.(2007).

Figure7showsthattherelativefrequencydistributionpattern
of aerosol type is similar between Singapore and Penang; and
Pontianak and Kuching. The dominant aerosoldistributionswere
completely different for western (Penang and Singapore) and
eastern (Kuching and Pontianak) portions of South China Sea
(Figure S1). This phenomenon is known as spatial and temporal
heterogeneity.Thestudysites locatedatthesame latitudebut in
different longitude have different environmental and meteoroͲ
logical factors (Satheesh et al., 2006;Moorthy et al., 2013). The
spatialandtemporalheterogeneity forwesternandeasternparts
of South China Sea are due to the differences in the natural or
anthropogenic processes that occur locally and in neighboring
areas. However, the relative frequencies for aerosol typeswere
clearlydistinguishedbetweenwesternandeasternpartsofSouth
ChinaSea.

Figure7.Seasonalclassificationofaerosoltypeidentificationsat(a)Singapore,(b)Pontianak,(c)Penangand(d)Kuchingbasedon
angstrom–AODscatterplotsbythethresholdprovidedbyToledanoetal.(2007).
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
Sumatra is located on the western site of Singapore and
Penang Island.Bothsiteshavesimilarmeteorologicalfactorssuch
as monsoon circulation, therefore the trans–boundary aerosols
suchasBMA couldbe from the sameorigin.However, Figure7a
shows the two highest relative frequencies of BMA in Singapore
occurred during the post–monsoon (30%) and pre–monsoon
(26%).However, in Penang (Figure 7b), the two highest relative
frequencies occurred in southwestmonsoon (49%) and followed
by northeast monsoon (28%). The difference in BMA dominant
periodbetweenthetwosites ispossiblycausedbytime lageffect
for the smoke aerosol to be transported to the sites from the
sourcesinSumatra.BMAisnotoccurringataconsiderablelevelin
Singapore during the northeast monsoon period because it is
distant from northern SEA.Meanwhile the larger percentage of
occurrence frequencyofMIXA inPenang (a39%)as compared to
Singaporeduringthenortheastmonsoonfurtherindicatesthatthe
trans–boundary source was possibly from northern SEA. DA
contributedtomorethan10%oftheairpollution inSingapore in
eachmonsoonperiod.Thisparametersignificant increasedduring
the northeast monsoon period. However, DA is not an active
aerosolcontributor inPenang Island.DAhasahigheroccurrence
frequencyinSingaporeinwhichthesourcewaspossiblyfromlocal
constructionsites(Chewetal.,2011).AtSingaporeUIAwasoneof
themajorpollutantsthroughouttheyears.Thissituationissimilar
toPenangbecausebothsitesareurbanareas.

Ontheotherhand,theaerosoldistributiontypesinPontianak
and Kuchingwere similar because themost frequently occurred
aerosoltypewasMA,followedbyUIA(Figures7band7d).TheMA
was significantly higher at Pontianak (88%) during the pre–
monsoon, whereas at Kuching it was 78% during the post–
monsoon. BMA was one of the major aerosol types in both
Pontianak andKuchingduring the southwestmonsoon (between
23 and 25%). However it was not observed during the pre–
monsoon period in both sites. MIXA was also not frequently
observedinbothsites.

In this study, the MA observed is not necessarily a major
aerosol type for these sites. However, urbanization and high
developmentrateshavemarkedeffects.Therelativefrequencyof
theBMA variation rate indicated that theairqualities inPenang
andSingaporewerefrequentlyaffectedbyopenburningemissions
incontrasttothoseinPontianakandKuching.

4.Conclusions

Seasonalvariations inaerosol loading, type,andprecipitable
water have been studied for Penang and Kuching during the
southwest and northeast monsoon and two inter–monsoons.
Singapore and Potianak, of which a more complete data are
available, are used as references in the comparison with the
analysisresultsobtainedforPenangandKuching.

The dominant aerosol types were completely different for
western (Penang and Singapore) and eastern (Kuching and
Pontianak)portionsofSouthChinaSeaduetospatialandtemporal
heterogeneity. This heterogeneity is due to the differences in
natural or anthropogenic processes that occur locally and in
neighboring areas. The dominant distribution types in each
seasonalmonsoonforKuchingandPontianakweresimilarbecause
the geographical locations of both sites are close to each other.
However, the dominant aerosol types in the western side
(Singapore andPenang)duringdifferent seasonalmonsoonwere
not very similar. These differences may be due to the distant
separation between them, and time lag effect of the trans–
boundaryaerosols.

BMAdisplaysabruptincreasesduringthesouthwestmonsoon
period in southern Southeast Asia because of the active open
burning activity in local areas and neighboring countries. During
the northeast monsoon period, the aerosol optical properties,
especially the sizedistributionpattern,were found tobeunique
compared to other monsoon seasons. During the northeast
monsoon, the localaerosolsmighthavemixedwith the aerosols
from the northern part of Southeast Asia transported by the
northeastmonsoonwind.

Dust particles contribute minimally to the emissions in
Malaysiabecausethegeographiclocationhasnodesertdustandis
a great distance away from desert areas. However, the small
amountofDAparticlespresentinthedataisbelievedtobecaused
byvehiclesandconstructionactivities.

MAobservedisnotnecessarilyamajoraerosoltypeforthese
sites. However, urbanization and high development rates have
markedeffects.The relative frequencyof theBMAvariation rate
indicated that the air qualities in Penang and Singapore were
frequentlyaffectedbyopenburningemissionsincontrasttothose
inPontianakandKuching.

Abetterunderstandingofthedistributionandcharacteristics
ofmajor aerosol typeshelps to improve the accuracyof aerosol
prediction model. However, AERONET stations in southern
SoutheastAsiaarestillarecentestablishment,andthenumberof
deployedsitesare limited.Therefore, long–termobservationsand
studies are necessary in order to identify aerosol distribution
trendsandtheircharacteristics,especiallyfortheMalaysiansites.
Further studies shouldconsider thehygroscopicandhydrophobic
behaviorof thedistributedaerosols inMalaysiaas thecountry is
veryhumidandhotthroughouttheyear.Suchaclimatemaygive
rise to a different dynamics of aerosol interactions than that in
othercountrieswithdifferentclimaticandgeographicalbehaviors.
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SupportingMaterialAvailable

Aerosolclassificationstudies(TextS1),Thresholdvaluesfrom
ɲ–ʏscatterplotsforaerosolclassificationsuggestedbySmirnovet
al. (2002b,2003),Pace et al. (2006) andKaskaoutis etal. (2007)
(Text S2), Threshold values from ɲ–ʏ scatter plots for aerosol
classification suggested by Toledano et al. (2007), Salinas et al.
(2009) and Jalal et al. (2012) (Text S3), Topography of Southeast
AsiaisillustratedinanelevationmapfromASTERGDEMdatawith
latitudeof1°Sto21°Nandlongitudeof94°Eto128°E.Thefour–
and five–edged star, square and circle in the figure indicate the
study sites of Penang, Singapore, Pontianak and Kuching,
respectively (Figure S1), Climatology of AOD data at different
wavelengthsata)Penang(2012)andb)Kuching(2011)(FigureS2),
Classification of aerosol types based on thresholds provided by
Pace et al. (2006) andKaskaoutis et al. (2007) for a) andb) and
Smirnovetal.(2002b,2003)forc)andd)atPenangandKuching,
respectively(FigureS3),Seasonalrelativefrequencyofoccurrence
ofAOD_500,angstrom440–870,andPWatSingapore. (a–c)showing
thehistogramand(d–f)presentedthesecondmovingaveragefor
eachmonsoonseason inlineplot(FigureS4),SimilartoFigureS4,
but for the Pontianak AERONET station (Figure S5). Scatter plot
betweenAOD_440andangstromexponentat440–870nmforthe
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
discriminationofdifferentaerosoltypesoverPenang.Theaerosol
types discrimination based on Jalal et al. (2012), Toledano et al.
(2007), Salinas et al. (2009) are shown at (a–d), (e–h) and (i–l)
respectivelyfortheoverallperiod,southwestmonsoon,northeast
monsoon and pre–monsoon (FigureS6). Scatter plot between
AOD_440 and angstrom exponent at 440–870nm for the
discriminationofdifferentaerosoltypesoverKuching.Theaerosol
types discrimination based on Jalal et al. (2012), Toledano et al.
(2007), Salinas et al. (2009) are shown at (a–d), (e–h) and (i–l)
respectivelyfortheoverallperiod,southwestmonsoon,northeast
monsoon and post–monsoon (Figure S7). Scatter plot between
AOD_440 and angstrom exponent at 440–870 nm for the
discriminationofdifferentaerosoltypesoverSingapore (a–e)and
Pontianak (f–j). The aerosol types discrimination based on
Toledanoetal.(2007)fortheoverallperiod,southwestmonsoon,
pre–monsoon,northeastmonsoonandpost–monsoon(FigureS8).
This information is available free of charge via the internet at
http://www.atmospolres.com.

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